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The interplay of charge order, spin order, and superconductivity in La2−xBaxCuO4 creates a
complex physical system that hosts several interesting phases, such as two-dimensional supercon-
ductivity within the CuO2 planes and the ordered pair-density wave state in which charge ordering
is intertwined with superconductivity. Using Josephson interferometry techniques, we measure the
current-phase relation of junctions and SQUIDs incorporating this material and observe a significant
sin(2φ)-component indicative of closely-spaced alternations of the sign of the Josephson coupling
predicted by the pair-density wave model. We find that the ratio of the sin(2φ)-component to the
conventional sin(φ)-component to be largest near x=1/8 doping, where the pair-density wave state
is believed to be the strongest, and that it increases with increasing temperature as the Josephson
coupling in the junction weakens.
La2−xBaxCuO4 (LBCO), the first discovered high-
temperature superconductor [1], exhibits unusual prop-
erties near x = 1/8 doping, including a dramatic sup-
pression in Tc [2], charge and spin stripe ordering [3, 4],
and a frustration of Josephson coupling between CuO2
planes leading to 2D superconductivity [5]. Much of the
anomalous behavior of La2−xBaxCuO4 can be explained
by the existence of a pair-density wave (PDW) state, in
which the sign of the superconducting order parameter
varies periodically with position [6]. Experiments using
nonlinear terahertz optics and STM appear to show some
evidence of this state in LBCO and Bi2Sr2CaCu2O8, re-
spectively [7–9]. In the PDW model, the superconduct-
ing order on adjacent charge stripes is phase-shifted by
pi, and the charge density wave order rotates by 90◦ be-
tween adjacent CuO2 planes, leading to a cancellation
of the effective Josephson coupling between each CuO2
plane and its three nearest neighbors (see Fig. 1b) [10].
Thermal melting of such a state is expected to yield mul-
tiple interesting phases, most notably a charge-4e su-
perconducting condensate [11]. The presence of such a
state in LBCO would manifest experimentally as a flux
periodicity of Φ0/2 = hc/4e in a SQUID having junc-
tions between a conventional charge-2e superconductor
and LBCO [11]. More specifically, we expect that the
rapid spatially-modulated sign changes in the Joseph-
son coupling that arise from a pair-density wave state
suppress the first-order Josephson coupling and manifest
itself as a significant sin(2φ) harmonic in the the current-
phase relation of a junction containing LBCO (see Fig.
1c). This phenomena has been predicted and observed
in other junctions with spatially alternating critical cur-
rent density [12–15]. Additionally, we expect the fraction
of Josephson current exhibiting a sin(2φ) current-phase
relation to increase with T as the interlayer Josephson
coupling and conventional 3D superconductivity are sup-
pressed within LBCO, giving way to an increasing pro-
portion of spatially varying 2D superconductivity within
FIG. 1. (a) Phase diagram of La2−xBaxCuO4, reproduced
from [4]. Dotted line curve indicates estimated onset of pair-
density wave state. Tc is suppressed at x = 1/8 doping, which
coincides with charge and spin ordering. Dashed verical lines
at x = 1/8 and x = 0.155 indicate doping of crystals used
in our experiment. (b) In the PDW model, adjacent charge
stripes experience a phase shift of pi in the superconducting
order, and adjacent planes are rotated by 90◦. Reproduced
from [10]. (c) Schematic of a Josephson junction formed on
an LBCO superconductor, formed over several stripes with
alternating 0 and pi coupling.
the CuO2 planes [10].
In this Letter, we present measurements of Joseph-
son junctions and SQUIDs fabricated onto crystals of
La2−xBaxCuO4 at a range of temperatures and dopings
that show evidence for the onset of a PDW state. We
observe a sin(2φ) component of the Josephson current-
phase relation of the devices near x = 1/8 doping, cor-
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2responding to Φ0/2 magnetic flux periodicity. The pro-
portion of sin(2φ) to conventional sin(φ) increases with
temperature as 3D superconductivity in the crystal is
suppressed, reaching above 25% in the highest tempera-
tures at which we can measure the supercurrent. In de-
vices measured far from x = 1/8 doping, the Josephson
current-phase relation shows only a very small sin(2φ)
component, less than 5%. In these experiments, we also
were able to measure the order parameter symmetry of
the superconductivity in an LBCO crystal, and find ev-
idence for d−wave pairing symmetry, as observed in all
other cuprate superconductors. [16, 17].
Measurements were performed on devices fabricated
onto La2−xBaxCuO4 crystals grown at the nominal
dopings of x = 0.125 at the minimum Tc, slightly-
underdoped at x = 0.120, and overdoped near the max-
imum Tc at x = 0.155. In this paper, we will primarily
discuss what we observed at x = 0.125 and x = 0.155,
as these dopings were measured more extensively. The
LBCO crystals were grown using a floating-zone tech-
nique. Susceptibility measurements indicate Tc’s of 7K,
11K, and 30K for the x = 0.125, x = 0.120 and x = 0.155
crystals, respectively.
Each crystal is oriented using a Laue x-ray camera and
polished to create smooth facets on the a, b, and c faces.
The locations of junctions on the a and b faces of the
crystal are defined by masking the edges with a poly-
mer resist, ion-milling to clean the LBCO surface, and
depositing 50 − 100nm of Au by electron beam evapo-
ration. To improve contact between the Au barrier and
the LBCO, the crystal is annealed at 400◦C in an O2 at-
mosphere for 3− 4 hours. After annealing, the crystal is
attached to a Si chip using a droplet of polyimide as an
adhesive, with the crystal c-axis oriented perpendicular
to the substrate. A second mask applied over the edge of
the crystal at the location of the barriers defines the Nb
superconducting electrodes, which are deposited by sput-
tering to form a smooth connection along the substrate
and onto the edge of the crystal. Measurements were
performed in both a 4He cryostat with a base tempera-
ture of 1K, and in a single-shot 3He system with a base
temperature of 310mK. As typical for S-N-S junctions,
the resulting Nb-Au-LBCO junctions exhibit an onset of
supercurrents at temperatures well below the bulk crys-
tal Tc. As a result, the measurements we report were
made at temperatures well below Tc to obtain measur-
able critical currents (> 1nA).
To make a direct measurement of the current-phase
relation of a junction, the LBCO-Au-Nb Josephson junc-
tion of interest is fabricated in parallel with a supercon-
ducting inductor L (see Fig. 2a). An applied current
I divides between the junction path through the LBCO
crystal and through the inductor to maintain equal phase
differences. In practice, since annealed Au is necessary
for good electrical contact between Nb and LBCO, the
junction path always contains two junctions in series.
FIG. 2. (a) Schematic of the current-phase relation (CPR)
measurement on an La2−xBaxCuO4 crystal SQUID. (b) Op-
tical microscope image of crystal device, containing an on-chip
inductance for the CPR measurement. (c) Normalized CPR
measurements vs T at x = 0.155 doping (left), and Fourier
analysis of the CPR vs T (right). Points in Fourier graph are
measured amplitudes (or ratios), curves are fits to theoreti-
cal temperature dependence. d) CPR and Fourier analysis at
x = 1/8 doping. This sample sees more deviation from typi-
cal sin(φ) behavior, compared to the x = 0.155 sample. The
ratio of 2nd/1st harmonic is greatest in the x = 1/8 sample
over the range of measurable temperatures.
However, by making the second contact much larger so
that its critical current ILc >> I
S
c , the critical current
of the smaller junction, we can ensure that the phase
difference across the large junction is negligible. We also
keep the path length through the junction short to ensure
that the the dominant phase difference is the phase drop
φ across the small junction, allowing us to directly mea-
sure its current-phase relation IJ(φ). Under these condi-
tions, the current divides so that I = IJ(φ) + (Φ/2piL)φ,
where Φ is the induced flux in the inductor. Using a
flux transformer to couple the inductor to a commercial
SQUID, we can measure Φ in the loop as a function of
bias current I, and obtain directly the current-phase re-
lation IJ(φ)[18]. For the full current-phase relation to be
extracted with this method, we require φJ to be single-
valued. Hence, the constraint βL = 2piLIc/Φ0 < 1 must
be satisfied in order for our specific sample geometry to
yield a single-valued CPR.
Normalized CPR curves measured for x = 0.155 and
x = 1/8 samples over a range of temperatures are shown
in Fig. 2c and 2d, respectively. As T increases, the CPR
3of the x = 1/8 sample becomes noticeably more forward
skewed, and increasingly deviates from the typical sin(φ)
CPR of a typical Josephson junction. In contrast, the
CPR of the x = 0.155 sample appears dominated by
the conventional sin(φ) component of the current-phase
relation over the temperatures measured, though a slight
forward skewness is present.
Performing a Fourier analysis of the measured CPR
curves, we can see in Fig. 2c and Fig. 2d that both sam-
ples see a decrease in Ic1, the sin(φ) component of the cur-
rent phase relation, with temperature. These curves fit
theoretical predictions for the temperature dependence of
the critical current in diffusive S-N-S junctions [19]. In
contrast, Ic2, the sin(2φ) component, increases roughly
linearly with temperature in both samples, with the ra-
tio of Ic2/Ic1 significantly larger in the x = 1/8 sample
compared to the x = 0.155 sample.
While susceptibility measurements show predictably
that our x = 0.155 crystals have a higher Tc than the
x = 1/8 crystals, the critical currents of the junction
on the x = 0.155 crystal were considerably smaller, re-
quiring measurement at lower temperatures to reach an
acceptable signal-to-noise ratio. We attribute this differ-
ence to sample fabrication variations since we annealed
the x = 1/8 crystal for a longer time, causing the Au to
diffuse a longer distance through the poorly conducting
surface layers of the x = 1/8 crystal compared to the
x = 0.155 crystal, thus, improving coupling between the
LBCO crystal and Nb film.
At T = 2.9K and below for the x = 1/8 sample, we ob-
serve a slight negative skewness of the critical current. At
these temperatures, the critical current is large enough
for the condition βL = 2piLIc/Φ0 < 1 to no longer be
satisfied, causing hysteretic switching to take place in
the SQUID circuit. When this hysteresis is combined
with noise-rounding, the measured CPR will appear neg-
atively skewed, as described in [18].
In addition to probing the current-phase relation of
junctions on La2−xBaxCuO4 crystals using the flux
transformer technique, we used the same crystal fabri-
cation methods to pattern an asymmetric LBCO-Au-Nb
SQUID onto the corner of an LBCO crystal at x = 1/8
doping, allowing us to measure the current-phase rela-
tion of the smaller junction (Fig. 3a). For a SQUID
containing junctions with current-phase relations IL(φ1)
and IS(φ2) under an applied field Φ, flux quantization
requires φ2 − φ1 = 2piΦ/Φ0. A current I biased through
the loop should then follow I(Φ) = IL(φ1) + I
S(φ1 +
2piΦ/Φ0). For I
L
c >> I
S
c , Ic should be reached when
φ1 ≈ pi/2, yielding Ic(Φ) ≈ILc + IS(pi/2 + 2piΦ/Φ0).
Hence, the modulation in Ic of the SQUID due to an
applied field Φ near the critical current ILc of the large
junction represents the current-phase relation IS(φ2) of
the smaller junction, or IS(φ2) ≈Ic(Φ)− ILc [20, 21].
The results of the asymmetric SQUID measurement
are shown in Fig. 3b for the samples at x = 1/8 doping.
FIG. 3. (a) Schematic and circuit diagram of asymmetric
SQUID device and measurement. (b) Measured Ic(Φ) of
an Asymmetric SQUID fabricated on an La1.875Ba0.125CuO4
crystal for a variety of temperatures.
FIG. 4. Subtracting ILc , we obtain the current phase relation
IS(φ) for a range of temperatures. As T increases, Ic1 is sup-
pressed and a visible 2nd harmonic begins to appear. Fourier
analysis of the current-phase relation measurements obtained
with the asymmetric SQUID technique shows, as in Fig.2e,
that the sin(2φ) component of the current-phase relation in-
creases as the typical sin(φ) component becomes suppressed.
We measured a periodic change in V (Φ) of the SQUID
for a fixed bias current I > Ic, and converted this to
Ic(Φ) using the resistively shunted junction model [22].
We observed a periodic modulation in IS about an ILc
which remained roughly constant over the measured field
interval for a given T . Subtracting ILc , we obtain the cur-
rent phase relation IS(φ2) of the smaller junction, plot-
ted in Fig. 4 for select temperatures. Fourier analysis of
this data shows us that Ic1, the first harmonic of I
S(φ2),
decreases with temperature, while the second harmonic,
Ic2, increases with temperature. This result is consistent
with our measurements of the current-phase relations of
x = 1/8 junctions acquired using the flux transformer
method.
By significantly increasing the external field applied
4to our corner SQUID, we were able to see single junc-
tion effects that provide information about the pairing
symmetry of the superconductivity in LBCO. In the cor-
ner junction geometry, part of the Josephson tunneling
in the device occurs through the crystal face aligned to
the a−direction, and part of it occurs in the b−direction.
If the LBCO crystal is an s−wave superconductor, we
expect to see the typical Fraunhofer-like modulation of a
uniform junction, I(Φ) = I0|sin(piΦ/Φ0)/(piΦ/Φ0)|, with
a peak in the supercurrent at zero field. However, if the
pairing symmetry of superconductivity in the crystal is
dx2−y2 , a pi phase shift between the a−and b−directions
will cause destructive interference between the critical
currents through the two facets at zero field, as ob-
served in the measurement of d−wave pairing symmetry
of YBCO [16].
As shown in Fig. 5, we measured V (Φ) at a fixed bias
current at T = 1K and compared it to Ic(Φ) calculated
for an dx2−y2 corner junction. We would expect the field
dependence of a d−wave corner junction to follow the
functional form I(Φ) = I(0)|sin2(piΦ/2Φ0)/(piΦ/Φ0)|,
assuming equal lengths of the junction along the a and
b directions. Indeed, the measured voltage has a local
maximum at zero flux, which corresponds to a local min-
imum in the critical current at zero flux, as we would
expect for a dx2−y2 superconductor.
In conclusion, we measured the current-phase rela-
tion of La1.875Ba0.125CuO4-Au-Nb crystal SQUIDs us-
ing two separate techniques, and we observed the on-
set of a significant sin(2φ)-component in the Josephson
CPR which becomes stronger relative to the conventional
sin(φ)-component as T increases. This phase-sensitive
measurement indicates that as T increases, a larger pro-
portion of the superconductivity in the crystal is carried
by a state where the superconducting order parameter
is spatially modulated, consistent with the PDW state.
In the La1.845Ba0.155CuO4 SQUID we measured, we ob-
served only a relatively small second harmonic of the
CPR, which is consistent with the PDW state weakening
away from x = 1/8 doping. Additionally, by increasing
the applied field to the corner SQUID device, we observed
single junction behavior consistent with a dx2−y2 pairing
symmetry. The observation of the sin(2φ) component in
the Josephson current and its temperature dependence
gives strong support to the proposal of [10] that LBCO
at x = 1/8 harbors a PDW state, in which charge, spin
and superconducting order are intertwined.
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